Surface ozone (O 3 ) pollution, a critical environmental challenge facing government agencies at all levels, is becoming more and more serious in China, especially in rapidly developing urban areas like Beijing. However, in China, few studies have evaluated the contribution of various pollution sources to surface O 3 , e.g. motor vehicles. In this paper, we combined a non-linear model with an analysis of motor vehicle emissions of NO x and VOCs in an integrated approach to estimate the contribution of motor vehicle emissions to surface O 3 . The model showed that, in urban areas of Beijing in 2000, the contribution of motor vehicle emissions to surface O 3 was 45.9%, and that elimination of 20.0% of motor vehicle emissions will lead to a 7.4% reduction in surface O 3 , while elimination of 20.0% of NO x or VOC emissions from motor vehicles will result in a 5.0% and 2.5% decline, respectively, in surface O 3 . In addition, elimination of 10,000 t of NO x from motor vehicles results in the same reduction in surface O 3 as elimination of 25,631 t of VOCs. Thus, controlling NO x emissions from motor vehicles is an effective way to control surface O 3 pollution in the study area.
INTRODUCTION
Surface ozone (O 3 ), a secondary pollutant produced from photochemical reactions involving nitrogen oxides (NO x ) and volatile organic compounds (VOCs), plays an important role in regional climate, human health Wu et al. 2008) and vegetation (Feng et al. 2003; Wang and Mauzerall 2004; Wang et al. 2005a Wang et al. , 2007 Tu et al. 2007) . By the middle of this century, urban air pollutants will increase surface O 3 by at least 25%, and could be two to three times higher in China (Long et al. 2005) . With rapid economic development and unprecedented changes in land use, anthropogenic emissions of NO x and VOCs have doubled during the past 11 years in China, and have reached the same level as in the USA and Europe (Elliott et al. 1997; Aunan et al. 2000; Wang et al. 2007 ). Due to tremendous efforts to control stationary pollution sources and to move heavy industries from urban areas in large Chinese cities in the past 20 years, stationary source pollutant emissions have steadily declined. However, with the acceleration of urbanisation and continuous enlargement of city Development & World Ecology 15 (2008) [345] [346] [347] [348] [349] Correspondence: Yongguan Zhu, State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China. Email: ygzhu@rcees.ac.cn size, city traffic demands and motor vehicles are rapidly rising, therefore the share of motor vehicle emissions in urban air pollution has increased (Wang et al. 2005b) . In recent years, motor vehicle emissions have accounted for 40-90% of VOCs and 45-60% of NO x emissions in typical Chinese cities (Walsh 2007 Surface O 3 has become the main pollutant on 25% of the monitoring days in Beijing (Liu et al. 2005 ).
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In China, few studies have been carried out on the contribution of motor vehicle emissions to surface O 3 . In the USA and Europe, a non-linear model has been used to connect NO x and VOCs emissions to surface O 3 concentrations to estimate the contribution of motor vehicle emissions (Schwing et al. 1980; Murphy et al. 1999) . Here, we investigate the relationship between motor vehicle emissions and surface O 3 , and extend the nonlinear model proposed by Delucchi and McCubbin (1996) to evaluate the contribution of motor vehicle emissions to surface O 3 in urban areas of Beijing in 2000. We also discuss surface O 3 variations in different scenarios of motor vehicle emission eliminations to examine effective ways to reduce surface O 3 .
METHODOLOGY

Model description
The simplest way to model non-linear O 3 formation is to assume a universal non-linear relationship between O 3 levels and VOC and NO x emissions (Merz et al. 1972; Schwing et al. 1980; Delucchi and McCubbin 1996) . The equation is shown as follows:
where 
( 2) where P vi and P ni represent the percentage of VOCs and NO x , respectively, from source i; W vi and W ni weigh the contribution of source i to VOCs and NO x , respectively.
In this paper the sources are divided into two groups: motor vehicles and other sources (for detail see Table 2 ). Therefore, Equation 2 can be further rewritten as Equation 3: 
where Ozone′ is the surface O 3 concentration when VOCs and/or NO x emissions change. The contribution of motor vehicles to surface O 3 can be estimated from Equation 5:
where Cm is the contribution of motor vehicle emissions to surface O 3 .
Estimation of weights for VOCs and NO x from different sources
The weights for motor vehicle emissions and other source emissions for VOCs and NO x concentrations are defined in Equation 6, adapted from Lu et al. (2006) and Hao et al. (2005) (Table 3) .
where W i is the weight for VOCs or NO x emissions from source i to VOCs or NO x concentrations; Cb i is the contribution of source i to VOCs or NO x concentrations; E is VOCs or NO x emissions from source i.
Determination of the exponents A and B
The (3), (4) and (5). In areas of the US, where ozone is more sensitive to NO x emissions than to VOCs emissions, the modelled ozone sensitivity to VOCs ranged from 0.09 to 0.63, while the sensitivity to NO x ranged from −0.17 to 0.43 (Delucchi and McCubbin 1996) . In Beijing, due to a VOCs/NO x ratio above 100, O 3 is also more sensitive to NO x emissions than to VOC emissions (Ma and Zhang 2000) . This suggests that in the non-linear function of Beijing, exponent B is larger than exponent A. Typically, O 3 sensitivity to VOCs or NO x emissions is between 0.2-0.7 (Delucchi and McCubbin 1996) . This suggests that exponent B is mostly 0.20 to 0.43. Therefore, the average value, 0.32, was chosen for exponent B in our model.
RESULTS
Contribution of motor vehicle emissions to surface ozone
Using the non-linear model based on proportion and weight for VOCs and NO x ( 
Variations in surface ozone in different scenarios
Eliminating the same percentage or amount of NO x from motor vehicle emissions would result in higher reduction in surface O 3 than that of VOCs (Table 4 ). Further analysis shows that eliminating 10,000 t of NO x from motor vehicle emissions results in the same reduction in surface O 3 as eliminating 25,631 t of VOCs (Table 4) .
DISCUSSION
Based on the above estimates, the share of surface O 3 from motor vehicle emissions in urban areas of Beijing was nearly 50% in 2000. Our results also show that elimination of NO x from motor vehicle emissions could result in higher surface O 3 reductions than that of VOCs. Due to the lower emission height and concentrated spatial distribution, VOCs and NO x emissions from motor vehicles have higher weights than from ambient VOCs and NO x , and from O 3 than other sources (Hao et al. 2005) . Thus, the weights of different emission sources of VOCs and NO x were integrated into the non-linear model, providing more reasonable results than those derived from linear functions (Mao et al. 2001 
